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ABSTRACT
The 15s globin mRNA-protein complex (mRNP) was isolated from
chicken reticulocyte polyribosomes dissociated in EDTA. To determine
protein binding sites, the mRNP was treated with micrococcal nuclease
and the nuclease resistant RNA was mapped to the 1 globin gene at the
nucleotide level. As far as we can determine there is no bound protein
from the Cap site to the poly A addition site of 1 globin mRNA in the
mRNP except for a short area in the coding region near the translation
initiation site.
INTRODUCTION
In the cytoplasm, many mRNAs are distributed in polyribosomes or
as free mRNA-protein complexes (mRNP). Although the function of the
free mRNP is not clear, it appears that it may serve a storage function
for mRNA during embryogenesis and cell differentiation. The RNA
sequences stored as free mRNP in eggs are used for translation during
embryogenesis (1,2). The best characterized example is the storage and
translation of maternal histone mRNA as late as the blastula stage of
sea urchin development (1,3,4). During spermatogenesis, the protamine
mRNA transcribed in primary spermatocytes is stored in mRNP until the
mRNA is used for translation in middle spermatids (5,6). The myosin
mRNA stored in translationally inactive mRNP in myoblasts is transferred
to ribosomes in myotubes where the mRNA is translated (7,8). Although
the significance is less clear, in immature avian reticulocytes up to
12% of the cytoplasmic globin mRNA is present in free mRNP (9). There-
fore, controlled usage of the mRNA present in free mRNP for translation
is an important aspect of post-transcriptional gene regulation.
The mechanism of translational repression of free mRNP and trans-
location of the mRNA from the free mRNP to polysomes is not known. The
20s globin-free mRNP is inactive in cell-free translation systems (10).
However, the 15s globin mRNP isolated from dissocated polyribosomes is
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as active as protein-free mRNA in cell-free translation systems (11,12).
Also, the protein composition of the two types of mRNP is considerably
different (10,13). The most striking difference is the absence of the
75K poly A binding proteins in free mRNP (10,13). One approach to
investigate the translational repression of the mRNA present in free
mRNP is to compare the protein binding sites on the mRNA of the two
types of mRNP, the free mRNP and the mRNP dissociated from polyribosomes
(polysomal mRNP). This result may provide us with information on the
possible difference in the binding of proteins to the region important
for translation initiation in the two types of mRNP. To this end, we
first attempted to map the protein binding sites in polysomal 1 globin
mRNP in chicken reticulocytes.
Goldberg et al. presented evidence that specific regions of
globin mRNA, in addition to the poly A tail region, are protected by
bound proteins against micrococcal nuclease (MN) digestion in duck
reticulocyte polysomal 15s globin mRNP (14). This was shown by different
nucleotide fingerprints of the RNA fragments after nuclease digestion
of the mRNP and protein-free globin mRNA. In this report we present
evidence that except for a short region near the translation initiation
codon, no protein is bound from the Cap site to the poly A addition
site of 1 globin mRNA in chicken reticulocyte 15s polysomal globin mRNP.
This was demonstrated by mapping the nuclease resistant globin mRNA to
the 1 globin gene sequences using a new RNA mapping method we recently
developed (15). The absence of bound proteins in the coding region of
the 1 globin mRNA may be the reason for the efficient translation of
the polysomal mRNP in cell-free systems.
MATERIALS AND METHODS
Isolation of polysomal mRNP.
Leghorn chickens were injected intramuscularly with phenylhydrazine
(10 mg/kg body weight) for 7 days and blood was collected in 0.14 M
NaCl, 5 mM KC1, 1.5 mM MgCl2 containing 0.1 mg/ml heparin and 10 mM
emetin. Polyribosomes were prepared from the red cells as described
before (15). The polysomes (240 A260 units in 3 ml) were dissociated
with 7 pmoles of EDTA (pH 7) per mg of ribosomes (13). 1.5 ml (360
A260 units) was loaded on a 5-20% sucrose gradient in 10 mM Tris, pH
7.5, 50 mM NaCl, 1 mM EDTA in a Beckman SW27 rotor and centrifuged at
25,000 rpm for 20 hrs at 4°C. The 15s peak was pooled and concentrated
by vacuum dialysis against RSB buffer (10 mM Tris, pH 7.5, 10 mM NaCl,
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3 mM MgCl2). Protein-free chicken ribosomal RNAs (23s and 16s) were
used as markers. Most of the dissociated larger ribosomal subunits
were pelleted during the centrifugation (Fig. 1).
Isolation of RNA from mRNP.
mRNP was made 10 mM EDTA, 0.5% sodium dodecylsulfate (SDS) and
incubated wih 200 pg/ml of proteinase K for 1 hr at 37°C. The sample
was extracted with phenol-chloroform and chloroform and precipitated
with ethanol. The RNA was dissolved in RSB.
UV crosslinking.
Purified RNA and mRNP were exposed to UV irradiation according to
the procedure of Greenberg (16) and Maynard and Pederson (17). The
samples in 0.5 ml of RSB were transferred to glass vials (2 cm in
diameter) and irradiated for 15 min at 4°C under a pair of 15-W Sylvania
germicidal lamps at a distance of 6 cm.
Cs2So4 gradient centrifugation and filter hybridization
RNA, and UV-or non-UV treated mRNP samples were diluted in 2 ml
of RSB containing 33% Cs2S04 (w/w) and layered on 2.5 ml of RSB containing
46% C2s04 (w/w). The samples were centrifuged in a Beckman SW65
rotor for 48 hrs. at 18°C at 45,000 rpm. Aliquots were weighed to
determine the density and 25 p1 of 0.2 ml fractions were directly
filtered through a sheet of Biodyne Pall membrane (0.2 mp pore size)
in a Micro-sample filtration manifold apparatus (Bethesda Research
Laboratory). The filter was washed with RSB and then was covered with
one sheet of Saran wrap. The filter was exposed to a 15-W germicidal
lamp at a distance of 30 cm for 5 min after which it was dried at 37°C
and baked at 80°C for 2 hrs. Hybridization with nick translated
32P-globin gene plasmid DNA (18) was carried out according to the
procedure of Wahl et al. (19).
We found that non-denatured protein-bound or protein-free RNA is
efficiently retained by the Pall nylon membrane and can be fixed to
the membrane with the protocol outlined above.
Filtration of mRNP through nitrocellulose membrane
To determine if proteins are crosslinked to RNA in mRNP by UV
irradiation, free RNA, mRNP, and UV-treated mRNP were filtered through
a nitrocellulose membrane (Schleicher-Schuell, 0.2 pm), which was
pretreated with deionized water and RSB buffer. About 10 ng of RNA or
mRNP in 100 p1 of RSB or RSB containing 6M guanidine hydrochloride was
filtered under a mild vacuum. Each well was rinsed three times with
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0.2 ml aliquots of RSB or RSB + 6M guanidine hydrochloride. The
membrane was dried under air and baked at 80°C for 2 hrs. Hybridization
with 32P-globin DNA was carried as described above.
Digestion of mRNP and RNA with micrococcal nuclease.
The 15s globin mRNP and the RNA extracted from the mRNP were
adjusted to the same concentration (100 pg/ml) and digested with 0, 1,
10, 50, and 200 units/ml MN (Worthington Biochemicals) for 15 min at
23°C in 100 p1 of RSB buffer containing 1 mM CaCl2. The reaction was
stopped with 10 mM EDTA and 0.5% SDS. The samples were incubated with
200 pg/ml of proteinase K for 1 hr at 37°C. After adding 50 pg of
yeast tRNA as a carrier the RNA was extracted by phenol-chloroform.
Preparation of labeled globin gene probe.
Insertion of globin gene fragments into the Sal I or Hinc II site
of M13mp7 RF, excision of the insert with BamHl from the single-stranded
phage DNA, and labeling of the DNA at 5' end with 32P-y-ATP (7000 Ci/
mmole, ICN) were described before (20).
Mapping of the micrococcal nuclease-resistant globin mRNA.
The MN-resistant globin RNA was mapped according to the method of
Patton and Chae (15). Briefly, an end-labeled single-stranded globin
gene fragment (20,000 cpm, labeled at 5' end with 32p, 5 x 10 cpm/"g)gefrgmet(0,00 pm,labledat5' nd ith32, 5 x 10 cpm/pg)
was mixed with 50-100 ng of globin RNA and 50 pg of yeast tRNA in 50
p1 of 0.4 M NaCl, 10 mM Tris, pH 7.5, and 1 mM EDTA, heated at 90°C
for 2 min, and hybridized for 16 hrs at 680C. The samples were precipitated
with ethanol. The precipitated samples were dissolved in 400 p1 of 50
mM sodium acetate, pH 4.6, 50 mM NaCl, 1 mM ZnSO4 and digested with 4
units of SI nuclease (Bethesda Research Laboratory) at 37°C for 1 min.
The reactions were stopped with 10 mM EDTA and the nucleic acids were
precipitated with ethanol. RNA in the sample was hydrolyzed with 0.3
N NaOH at 68%C for 30 min. After neutralization with 10 pl of 1 M
Tris, pH 7.5, and 9 p1 of 3 N HC1 the probe was precipitated with
ethanol in the presence of 5 pg of tRNA. The dried pellets were
dissolved in 2 p1 of 80% formamide, 10 mM NaOH, 1 mM EDTA, 0.1% (w/v)
xylene cyanol, 0.1% bromphenol blue, heated at 90%C for I min and
quick-chilled at 0°C. The samples were electrophoresed through an 8%
polyacrylamide gel in 8.3 M urea (0.4 mm thick). The labeled probe
was sequenced according to the method of Maxam and Gilbert (21) and
applied to the same gel. After electrophoresis the gel was exposed to
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Figure 1. Isolation of 15s globin mRNP from the EDTA-dissociated
chicken reticulocyte polyribosomes.
RESULTS
In our study, the protein binding sites on chicken P globin mRNA
in the 15s globin mRNP were mapped at the nucleotide level with the
RNA mapping method we have recently developed (15). The 15s globin
mRNP was isolated from chicken reticulocyte polyribosomes dissociated
in EDTA rather than from polyribosomes dissociated by puromycin and
0.5 M KC1 since we wished to include even the loosely bound proteins
in the globin mRNP preparation. The 15s globin mRNP was purified by
5-20% sucrose gradient centrifugation of the EDTA-dissociated polyribo-
somes of chicken reticulocytes as shown in Fig. 1. The 15s peak was
pooled and concentrated by vacuum dialysis against RSB buffer. RNA
was extracted from a portion of the mRNP, and free RNA and mRNP were
irradiated with UV to crosslink proteins to RNA. To determine whether
or not proteins were crosslinked to RNA in mRNP by UV irradiation,
free RNA, mRNP and UV-treated mRNP were centrifuged through a gradient
of Cs2So4 as described in Methods (Fig. 2A). Dot blot hybridization
of the gradient fractions shows that, as expected, free RNA bands at a
buoyant density of 1.6. However, the bulk of the globin mRNA in both
the mRNP and LW-treated mRNP banded at a buoyant density of 1.4 which
agrees with the reported value for 15s globin mRNP (13). Some of the
globin mRNA sequences were found at the top of the gradient. This may
be degraded RNA. Apparently the mRNP proteins, most likely the poly A
binding proteins, do not dissociate from RNA in Cs So4 as reported by
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Figure 2. UV-crosslinking of mRNP.
A. 15s globin mRNP was irradiated with UV as described in Methods,
and protein-free mRNA, mRNP, and UV-treated mRNP were centrifuged
in a gradient of Cs2SO in a Beckman SW65 rotor. 25 p1 aliquots
of each gradient fraction (0.2 ml) were filtered through a nylon
membrane and the bound globin mRNA was hybridized with 32P-globin DNA.
Shown are the buoyant density and fraction numbers. B. UV-treated and
non-treated mRNP and free mRNA were diluted in RSB buffer or RSB + 6M
guanidine hydrochloride and passed through a nitrocellulose membrane.
The protein-bound globin mRNA retained by the membrane was hybridized
with 32P-globin DNA.
prove whether any proteins were crosslinked to RNA by UV, in the case
of mRNP. Another approach was filtration of mRNP through a nitrocellulose
membrane. Under normal conditions non-denatured free RNA is not retained
by nitrocellulose. On the other hand, protein-bound RNAs are efficiently
retained by the membrane. When the mRNP was dissociated in RSB buffer
containing 6 M guanidine hydrochloride, significantly more UV-treated
mRNP is retained than non-treated mRNP as shown in Fig. 2B. This
suggests that there was significant crosslinking of proteins to the
globin mRNA in our experiment. Based on the intensity of the hybridized
label, at least 50% of the globin mRNA molecules appear to be crosslinked.
However, it is not clear if the proteins which were bound to different
regions of the globin mRNA were crosslinked to mRNA with equal efficiency.
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The free RNA and 15s mRNP, UV-crosslinked and non-crosslinked, were
adjusted to the same RNA concentration (100 pg/ml) in RSB buffer
containing 1 mM CaCl2 and the samples were digested with increasing
amounts of MN at 23°C for 15 min. The RNA, extracted from the nuclease-
digested samples, was hybridized to single-stranded globin gene fragments
which were labeled at the 5' end with 32p. The hybrids were mildly
digested with S, nuclease in such a way that the hybrid molecules were
cut once or less per molecule. The S1-digested DNA probe was separated
by electrophoresis through a high resolution polyacrylamide gel in 8 M
urea. The labeled globin gene probes cleaved by the Maxam-Gilbert
base-specific reagents (19) were electrophoresed concurrently. The
regions of the probe resistant to S, nuclease due to the hybridization
of MN-resistant globin RNA fragments were mapped. Three different
globin gene probes were used to map the entire region of the P globin
MRNA. Our method detects only the region from the transcription
initiation site to the poly A addition site. Since initial experiments
with different concentrations of MN indicated that the 15s mRNP is
very susceptible to nuclease digestion, low concentrations of MN and a
low temperature had to be used to detect any region resistant to MN.
This suggested the possibility that no proteins are bound to most of
the globin mRNA region. Therefore, we compared the extent of digestion
of the 15s mRNP and the protein-free mRNA extracted from the 15s mRNP
in both UV irradiated and non-irradiated samples.
Fig. 3 shows the mapping of MN-resistant RNAs to the first coding
region of the i globin gene. As expected the undigested RNA protects
the probe from the Cap site to the splice donor site of the first
coding region (lanes 2,7,13, and 18). The extent of digestion of free
RNA and the mRNP by MN is very similar except for the minor differences
in intensity of the bands near the AUG codon indicated by asterisks
and arrows (lane 6 and 11, 17 and 21). The band indicated by
an asterisk appears to be reduced in intensity in mRNP and UV-treated
mRNP. This band maps 5 bases internally from the translation initiation
codon AUG. The bands indicated by arrows are also reduced in intensity
but only in the UV-treated mRNP. This region (6 bases) maps 14 bases
internal from the AUG codon. Except for these minor differences,
there appears to be no clear MN-resistant region in the first coding
block. In general, there appears to be no clear MN-resistant site in
mRNP even after UT irradiation which would have crosslinked bound
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Figure 3. Mapping of the micrococcal nuclease-resistant globin mRNA of
the 15s globin mRNP in the first coding region of the f globin gene.
mRNA: 0 (lane 2), 1 (lane 3), 10 (lane 4), 50 (lane 5) and 200 (lane
6) units/ml MN. 15s mRNP: 0 (lane 7), 1 (lane 8), 10 (lane 9), 50
(lane 10) and 200 (lane 11) units/ml MN. UV-irradiated mRNA: 0
(lane 13), 1 (lane 14), 10 (lane 15), 50 (lane 16) and 200 (lane 17)
units/ml MN. UV-irradiated 15s mRNP: 0 (lane 18), 1 (lane 19), 50
(lane 20) and 200 (lane 21) units/ml MN. No globin mRNA: lanes 1 and
13. M, end-labeled Hinf I digest of M13mp RF DNA as markers. The
sizes (in bases) are shown on the right. G, G + A, T + C, and C:
Maxam-Gilbert sequence lanes. Shown at the bottom is the scale map of
the first coding region of P globin gene probe. CAP, initiation site;
AUG, translation-initiation site; IVS, the splice donor site.
proteins to globin mRNA under the conditions used in this study. The
RNA in mRNP is nearly completely digested by 200 units of MN at 23%C
in 15 min as shown by the similar band pattern as the sample containing
no globin mRNA (compare lanes 1, 6, 11, 12, 17 and 22). The only
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Figure 4. Mapping of the micrococcal nuclease-resistant globin mRNA in
the 15s mRNP to the second coding region of the f globin gene.
UV-irradiated mRNA: 0 (lane 1), 1 (lane 2), 10 (lane 3), 50 (lane 4)
and 200 (lane 5) units/ml MN. UV-irradiated mRNP: 0 (lane 7), 1
(lane 8), 10 (lane 9), 50 (lane 10) and 200 (lane 11) units/ml MN.
No globin mRNA control: lane 6. M, markers. G, G + A, T + C, C: DNA
sequencing lanes. Shown at the bottom is the region of the second
coding region of the P globin gene contained in the probe. Transcription
from left to right.
uncertainty in mapping MN-resistant regions in the first coding region
is the S1-resistant region of the probe near the end of the exon
(shown by a bracket). The 17 base region most likely forms an S1-resistant
secondary structure.
The result on the second coding region of the P globin mRNA is
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Figure 5. Mapping of the micrococcal nuclease-resistant globin mRNA in
the 15s mRNP to the third coding region of the 1 globin gene.
LW-irradiated mRNA: 0 (lane 1), 1 (lane 2), 10 (lane 3), 50 (lane 4)
and 200 (lane 5) units/ml MN. UW-irradiated mRNP: 0 (lane 5), 1 (lane
7), 10 (lane 8), 50 (lane 9) and 200 (lane 10) units/ml MN. No globin mRNA:
lane 11. M, markers. G, G + A, T + C, C: DNA sequencing lanes.
Shown at the bottom is the region of the third coding region of the 1
globin gene including intron and 3' flanking region contained in the
probe. The translation stop codon (UAA), poly A addition site (Poly
A) and the splice junction (IVS) are indicated. The brackets are the
regions discussed in the text.
shown in Fig. 4. Only the results obtained with LW-irradiated RNA and
mRNP samples are shown. Again, the second coding region of the free
mRNA and mRNP was digested by MN to the same extent, and the RNA was




far as we can determine there is no MN-resistant region of the 1
globin mRNA in mRNP. The probe used for second coding region lacks 13
nucleotides at the 5' end and 14 nucleotides at the 3' end. These
regions were not mapped in our study.
Fig. 5 shows the result on the third coding region of 1 globin
mRNA in UV irradiated RNA and mRNP. The third coding region is also
digested to the same extent by different amounts of MN in both of the
free RNA and mRNP. The region shown by brackets are relatively resis-
tant to low levels of MN in both free mRNA and mRNP (see lanes 2, 3,
4, 7, 8, and 9) presumably due to the possible secondary structure of
mRNA. However, the same regions are not resistant to 200 units
of MN ( see lanes 5, 10 and 11) in both of free RNA and mRNP. There
is the possibility that proteins are bound to these regions of secondary
structure and resistant to low levels of MN. However, if any proteins
were bound at all, they do not change the extent of digestion by MN in
these regions.
DISCUSSION
In this report, the 15s 1 globin mRNP was isolated from poly-
ribosomes dissociated in EDTA and was mildly digested with different
amounts of MN. The MN-resistant regions of the globin RNA were mapped
on 1 globin gene sequences at nucleotide levels. Comparison with the
protein-free globin mRNA which was digested with MN under the same
conditions as mRNP shows that the free globin mRNA and the globin mRNA
in mRNP are digested by MN to the same extent, and the RNA is completely
digested by 200 units of MN at 23°C in 15 min. The only region which
might have proteins bound is a short stretch of coding region near the
translation initiation site. However, as far as we can determine
there is no other MN-resistant site in the 1 globin mRNA of mRNP. The
only uncertainty in our result is the 17 base region at the end of the
first coding region of 1 globin mRNA which is resistant to MN even at
200 units of MN/ml. The two regions in the third coding region, one
near the translation stop codon, UAA and other regions downstream of
UAA are resistant to low concentrations of MN. However, these regions
are eventually digested by 200 units of MN. Similar results were
obtained with the RNA and mRNP samples irradiated with UV to covalently
crosslink any proteins bound to the globin mRNA. Three independent
preparations of 15s globin mRNP showed the same results. Also, the
mRNP in different buffer compositions, such as the presence of 50 mM
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KC1 or 50 mM NaCl, absence and presence of MgCl2 gave the same results.
In addition, isolated 15s mRNP migrated at lSs region during a second
sucrose gradient centrifugation and banded at a buoyant density of 1.4
g/cm3 during Cs2S04 gradient centrifugation suggesting that the complex
was stable during the course of our experiments. The MN digestion
conditions used in this study were quite mild compared to the conditions
used for other RNA-protein complexes. In the case of small nuclear
RNA-protein complexes (snRNP) containing Ul RNA, the protein-bound
regions are resistant to 200-5000 units of MN during a 30 min digestion
at 37°C (22; Patton and Chae, submitted). Certain regions of globin
RNA present in chicken reticulocyte nuclei are also resistant to 500
units of MN during a 1 hr digestion (Patton, Ross and Chae, in prepa-
ration). Therefore, the complete digestion of the C globin mRNA in
mRNP, except for one region near the translation initiation site, by
200 units of MN in 15 min at 23°C indicated that most likely no protein
is bound to the P globin mRNA from the Cap site to the poly A addition
site.
The results obtained with the 15s mRNP are in contrast to the
protection of P globin RNA in polyribosomes from MN digestion. As we
showed in an earlier report (15), ribosomes protect P globin mRNA from
a site 22 bases upstream from the translation initiation codon AUG to
a site 15 bases past the stop codon UAA. The region from the Cap site
to nucleotide 58 and the 90 base region preceding the poly A addition
site, are sensitive to MN under the conditions similar to those used
in this report. The protection of 3 globin mRNA against MN from a site
near the initiation site to a site near the termination codon is most
likely due to the ribosomes engaged in translation.
The mapping method used in our study is not capable of detecting
the binding of a 75K dalton protein to the poly A region of mRNA
(10,23) nor the possible binding of proteins to the Cap site. The 15s
globin mRNP preparations contain several minor proteins ranging from
30K to 150 K daltons in addition to the major poly A-binding 75K and
52K dalton proteins (13). In 0.5 M KCl most of the proteins, except
the 75K and 52K dalton proteins, dissociate from the 15s globin mRNP
(13). However, the sedimentation coefficient of the mRNP does not
change significantly in 0.5 M KCI (13,23) suggesting that the sedimen-
tation coefficient of the 15s globin mRNP may be to a large extent
determined by the tightly bound poly A binding proteins. It was
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suggested that several (up to five) 70K dalton proteins bind to the
poly A region of a globin mRNA molecule (13). The 20s globin mRNP
present in the cytoplasm has a protein composition quite different
from that of the 15s polysomal globin mRNP (13). One notable difference
is the absence of the 75K dalton poly A-binding protein in the 20s
globin mRNP. In addition, the 20s globin mRNP is inactive in cell-free
translation system (10). It is, therefore, important to study protein
binding sites in the 20s globin mRNP. There is the possibility that
the regions involved in the translation initiation are masked in the
20s globin mRNP. Similar mechanisms may exist in other free mRNPs.
Our result is in contrast to the report by Goldenberg et al. on
the protection of specific regions of globin mRNA in the 15s globin
mRNP against MN (14). They compared nucleotide fingerprints of nuclease-
resistant total RNA in 15s mRNP and protein-free mRNA. Our result is
based on the hybridization of the nuclease resistant RNA to P globin
gene probes and mapping to specific DNA sequences. Our method is not
susceptible to any contamination of mRNP by non-globin RNA sequences.
The discrepancy remains to be resolved.
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